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A mechanism is proposed for stabilization of a spin liquid of neutral fermions in
a Kondo lattice. A single-site Kondo scattering of conduction electrons at
temperatures T above the Kondo temperature Tx not only suppresses the
antiferromagnetic order but also promotes the onset of an RVB state.

The Kondo scattering “freezes™ at T*>Tx. In the limit T—O0, the system thus
behaves as a two-component Fermi liquid with neutral and charged

components. © 1994 American Institute of Physics.

1. The unusual behavior of heavy-fermion systems stems from a transformation of
the properties of the spins of the rare earth ions in these systems upon the transition from
the “high-temperature” region T>T*, where they behave as ordinary localized mo-
ments, to the low-temperature region T<T_,,<<T*, where the entire thermodynamics is
governed by Fermi branches of excitations. Since the number of spin degrees of freedom
(~2 per unit cell) is considerably larger than the number of charge degrees of freedom
which are involved in the formation of heavy fermions (2T7*/er per unit cell), it is
natural to assume that these spin degrees of freedom constitute the source of the anoma-
lously high density of fermion excitations at T<T™*.

In contrast with the conventional understanding (Refs. 1-3, for example), which
relates the conduction electrons with f-wave spins in a state of “Kondo singlets,” a
scenario discussed in Refs. 4 and 5 has a two-component Fermi liquid with a neutral spin
component and a charged electron component. In the present letter we propose a micro-
scopic mechanism for the formation of a neutral spin liquid. We show that single-site
Kondo scattering at high temperatures 7> Ty promotes stabilization of this liquid with
respect to both antiferromagnetic ordering and the formation of a coherent Kondo-singlet
state.

2. Heavy-fermion compounds with an integer valence are described by the effective
s f-exchange Hamiltonian

Heg=2 ekC:aCkn+Jsf2 Si*S;. (1)

ko i

Here &, are the energy levels of the conduction electrons in the band, whose width is
characterized by the Fermi energy e ; the operators S; and s;=c,, dc;, represent local-
ized f-wave spins and the spins of conduction electrons, respectively; and ¢ is the Pauli
matrix. A regular perturbation theory for the Kondo lattice described by Hamiltonian (1)
can be formulated only for high temperatures 7>Ty, at which the approximation of
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noncrossing diagrams’ is valid. In that approximation, the Kondo scattering at each
lattice site can be treated independently, and the scattering itself can be dealt with in the
logarithmic approximation. According to Doniach,® this approximation leads to a com-
petition between an antiferromagnetic state, which is realized at small values of the
effective coupling constant a=J,/er, and a nonmagnetic Kondo-singlet state, which
should form at large values of a. We see, however, that in the critical region
afo~exp(—l/2ac0), i.e., at Ty~Tg, where Ty g are the Neel and Kondo temperatures,
respectively, a third possibility is realized: A spin liquid of the resonating-valence-bond
(RVB) type’ arises with a characteristic energy T*> T . The Kondo scattering freezes at
T~T*, but the possibility of significant antiferromagnetic correlations persists.

We will use the standard technique of temperature Green’s functions, introducing the
representation of Abrikosov pseudofermions for the spin operators S§;= fi’;('raﬂfw. At
T>Ty, we use the approximation of noncrossing diagrams (NCA), in which single-site
Kondo processes can be treated independently, without consideration of other sites. In
this approximation, the intersite interaction is described by indirect RKKY exchange (see
Fig. 1, where the solid and dashed lines represent electron and pseudofermion propaga-
tors, respectively). The effect of multiple Kondo scattering is seen in a renormalization of
the single-site vertex parts. Their strengthening in the logarithmic approximation is
known:® T'(e)=J ;1 —2aln[er/max(s, )]} ", In calculating the indirect intersite ex-
change, we consider only nearest neighbors in the polarization operator:
My(iw,)=g(iw,)SM(q), where S1)(q)=X expiq-(j=I) is a structure factor, and
R=|j~1|. In this approximation, the Fourier component of the static RKKY interaction,
J(R,T)SM(q), is expressed in terms of an effective constant:

J(R,T)=T>, G¥R,&,)TX(s,,T), )

where the electron Green’s function is taken in the following asymptotic form® in the
coordinate representation at imaginary frequencies: ‘

OF ex —Iﬁlﬁﬂ' Rsgne (3)
27TPFR P UF PFISE .

G(R,e)=~—

Substituting (3) into (2), we find
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Here ®(x) is an oscillating RKKY function. The energy dependence of the single-site
vertex parts of I'(¢) leads to a sharp change in the temperature dependence of the RKKY
interaction at T<<ep. Instead of the factor exp[—(7/ep)ppR]=1, which is essentially
independent of the temperature, a logarithmic strengthening of the type In™"(7/Tx) arises
near the Kondo temperature. Asymptotic estimates and numerical calculations from ex-
pression (4) show that the exponent here is n~1.

In the pseudofermion Abrikosov representation, the interaction in the spin subsystem
is thus described by an effective four-fermion vertex (Fig. 1a). Possible correlated states
of this subsystem can be described by the mass operators shown in Fig. 1, b and c (cf.
Ref. 2). The diagram in Fig. 1b, in which the pseudofermion lines are closed at one site,
corresponds to a commensurate magnetic order with an antiferromagnetic vector Q sat-
isfying Q-R;;= 7. The order parameter of the antiferromagnetic phase is the Néel mo-
lecular field By(T)=\,J(R,T){(S,), where the expectation value of the spin of a site is
expressed in the standard way in terms of the expectation values of the pseudofermion
operators: (S,)=(fi:fiy—fi1fi;) (the closed loop on the diagram in Fig. 1b). Here the
numerical factor A, is determined by the geometry of the lattice. In the NCA, Kondo
processes lead to a temperature-dependent screening of the spin expectation value'®®
(S,) at each lattice site (K in Fig. 1b). The result of an exact solution of the single-site
Kondo problem® is a function K(T) which falls off monotonically with decreasing tem-
perature and which has a finite value [K(Tg)~0.37] at the Kondo temperature. The
self-consistent equation for the temperature of the transition to the antiferromagnetic state
differs from the ordinary equation for the order parameter in that there is a screening
correction K(T):

By(Ty)
2T,

(SATy))=3K(Ty)tanh (5)

Here Ty is defined as the temperature at which a nontrivial solution of the equation for
(S,) arises.

Resonating valence bonds are an alternative possibility for the onset of a correlated
state of a spin subsystem, specifically, a spin-liquid state. In this phase, the spins of
neighboring f-electrons are bound in pairs in singlet states, which are characterized in the
mean-field approximation by a nonvanishing “order parameter” Agyp= = ,( f,’:,fja) (see,
for example, Refs. 2, 7, and 11). The difference between the “anomalous” expectation
value and zero corresponds to closure of the pseudofermion lines of different sites in Fig.
1c. The order parameter defined in this manner describes a homogeneous spin liquid.

In the nearest-neighbor approximation, a Fermi spectrum of elementary excitations
with a dispersion relation u(k)~ Agypa’eSV(k) corresponds to an RVB state. In gen-
eral, the magnitude of the mean field is given by the expression Bgyp(T)=2,J™
X(R,,T )A%’{’,};S("')(k), where the summation is over coordination spheres (m) for which
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the indirect exchange has an antiferromagnetic sign.'! The diagram in Fig. 1c contributes
a self-consistent equation for the temperature at which the system goes into the spin-
liquid state:

Bryp(T*)

Agve(T*)=(zN)"1D>, SW(K)tanh
k

(cf. Refs. 2 and 11). Here T* is defined as the temperature at which a nontrivial solution
of the equation for Agjyg with m=1 and a coordination number z arises.

Using (2) and (4) to calculate the molecular fields By(T) and Bgyg(T), we find
BN(T)=B{(DK(T)In™"(T/Ty), (7)
Brva(T)=Bgy(T)In~"(T/T).

(The superscript 0 corresponds to the purely Heisenberg interaction J y Without Kondo
renormalizations.) Comparing these expressions, we see that the logarithmic intensifica-
tion of the exchange due to Kondo scattering promotes the onset of both phases, but the
screening of the spin [K(T)] affects only Ty, weakening the tendency toward an anti-
ferromagnetic pairing.

As a result, the Doniach phase diagram® (T%, T versus a) is greatly modified in the
critical region a~ a., transforming into a diagram (Ty,T* versus a) with a broad
region in which the RVB phase exists. The shape of this diagram depends on the geom-
etry of the lattice, the shape of the Fermi surface, and other factors. We have calculated
the transition temperatures for spherical and cylindrical Fermi surfaces with RKKY func-
tions P (x)~ mx ~>cos2x and ®(x)~ — 2x " 2sin2x, respectively. We found that the region
in which the RVB phase exists is wider in the latter case, which is close to the actual
situation'? in the heavy-fermion compound CeRu,Si,. Fig. 2 shows results calculated for
a cylindrical Fermi surface. For the mean field Bgrygy we used the approximation
Bgys(T) =M JD(R, T)A WS M(K), where \; is a geometric factor. In 3D Heisenberg
lattices, the relation A ;<\, generally holds, and an RVB phase does not exist. However,
Kondo scattering gives rise to a spin-liquid phase instead of a magnetic phase at
a>a..
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The critical region is characterized by the temperature hierarchy T*>Ty>Tg. This
result means that, first, the spins participating in RVB pairs are screened by the Kondo
interaction to a substantial extent and, second, the neutral spin liquid is close to an
antiferromagnetic instability. On the other hand, the Kondo scattering “freezes” at
T~T*>Tg, so single-site Kondo singlets do not form. The corresponding anomalous
expectation values {c; f;) introduced in the mean-field theories® with Hamiltonian (1)
are actually zero. The Kondo temperature is no longer a singular point, and we can go to
low temperatures, T<Ty, and take up the problem of a two-component Fermi liquid in
which slow electrons with £ <T interact with neutral spin fermions, whose spectrum is
characterized by an energy T*. The constant of this interaction can be estimated to be
J(T*). This picture was proposed in Refs. 4 and 5 for describing the low-temperature
properties of heavy-fermion systems (see also Refs. 13 and 14). :

3. Many important effects remain outside the mean-field approximation. First, the
“anomalous” expectation values Agyp are gauge-invariant. Incorporating fluctuations of
the phase of the pseudofermions should lead to a conversion of the phase transition into
a crossover. In the 2D ¢ —J model, incorporating uniform fluctuations of the gauge fields
(chirality fluctuations) leads to an IR divergence.!>!® In the 3D sf-exchange model, there
is no such divergence. Furthermore, as can be seen from Fig. 2, the transition to the RVB
phase occurs near an antiferromagnetic instability, so phase fluctuations are very nonuni-
form and have a spectral density of an antiparamagnon type. Incorporating retardation in
the RKKY interaction in the diagram in Fig. 1b leads to a “polaron” renormalization
~ a’wln(eg/T) and to a damping ~ T of the spin fermions at T. The spin fermions
themselves in turn have a strong influence on the low-frequency spectrum of
~ electrons.*>!*!7 It can be assumed, however, that none of these phenomena substantially
change the overall picture of the formation of a two-component Fermi liquid induced by
Kondo scattering. According to this picture, Kondo processes in the lattice prevent the
onset of an antiferromagnetic phase at parameter values in the critical region, a~a,,
while they simultaneously stabilize the spin-liquid state. The quantity T* serves as a
universal temperature which scales the properties of the heavy fermions. The heavy
fermions themselves, however, become well-defined quasiparticles only at
T<T w<T*, where their damping acquires a Fermi-liquid nature. In the crossover re-
gion, T*>T>T_,, localized spins convert into neutral elementary excitations with
Fermi statistics.
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